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M yopia, the most frequent cause of distance impairment, is a major concern 1-2 as children who become myopic earlier are more likely to later develop high myopia. 1 Axial elongation, associated with progression of myopia, can lead to adverse mechanical stretching and thinning of the retina, resulting in retinal degenerative changes. 3 For decades, researchers studying myopia have searched for effective ways to slow its progression in children. [4] [5] [6] [7] [8] [9] [10] [11] [12] In the last decade, a number of reports have been published on the effectiveness of orthokeratology (ortho-k) for myopia control in children. 9, 11, [13] [14] [15] [16] [17] [18] These studies have been subjected to metaanalysis by two groups of researchers 19, 20 who both confirmed the effectiveness of ortho-k for myopia control. However, Si et al. 19 suggested that, since five of the seven studies included in the meta-analysis were from Asia, further work would be required. Two main limitations of meta-analyses are the frequent unavailability of raw data and problems with different methodologies of the studies included in the analysis, which restrict the amount of further statistical analysis that can be performed with the combined data from the studies. However, two of the studies listed in the meta-analyses, retardation of myopia in orthokeratology (ROMIO) 11 and toric orthokeratology-slowing eye elongation (TO-SEE), 17 were prospective cohort studies conducted around the same period of time by the same research team in Hong Kong using the same methodology, with the exception that the former was a randomized study on children with low myopia and low astigmatism, whereas the latter was a nonrandomized study on children with low myopia but moderate to high astigmatism. Raw data from both were available for combined analyses (Table 1) . Respectively, the ROMIO 11 and TO-SEE 17 studies reported 46% and 56% slower increases in axial length of children aged 6 to 12 years wearing ortho-k lenses compared to children wearing spectacles. The retardation of myopia in orthokeratology 11 study also reported a significantly lower percentage of younger subjects (age 7-8 years) with rapid axial elongation (>0.36 mm per year [i.e., equivalent myopic progression >1.00 diopter [D] per year]) in the ortho-k group (20%) compared to control subjects wearing single vision spectacles (65%). The toric orthokeratology-slowing eye elongation 17 study reported that the odds of becoming a rapid progressor was 14.9 times greater in subjects wearing singlevision spectacles than those wearing ortho-k lenses, but only eight subjects (ortho-k: n ¼ 1; control groups: n ¼ 7) in this study demonstrated rapid myopic progression.
The number needed to treat (NNT), an average number of patients needed to be treated to prevent one adverse event or one specified clinical endpoint, is a statistical metric that can help decision making between treatment options. It is treatment-time specific and takes into account both absolute risk and relative treatment effects, allowing the translation of research data into clinical practice. 21 It is a simple way to demonstrate the clinical benefit or impact of a treatment. For example, a 2-year NNT of 100 suggests that 100 subjects would need to be treated for 2 years to prevent one specified (adverse) outcome.
Although the calculated powers to detect a statistically significant difference for both the ROMIO 11 and TO-SEE 17 studies were over 85%, subgroup sample sizes in each study were small. Combining data from these two studies offers the potential to extract further meaningful results with improved statistical power. Specifically, combining these data allows determination of the relative risk (RR) of rapid progression in subjects not using ortho-k treatment. To our knowledge, findings in terms of benefit analysis have not been previously presented for ortho-k.
The purpose of this study was to reanalyze the combined data from the ROMIO and TO-SEE studies to determine the RR of rapid progression in younger and older children, and to determine the NNT, that is, the number of children needed to be fitted with ortho-k to prevent one rapid progressor. Results obtained offer a new perspective on myopia control using ortho-k, specifically on the benefit of this treatment that can be applied in clinical decision making.
METHODS
Data from two studies, ROMIO 11 and TO-SEE, 17 were pooled for analysis. Both studies were approved by the Departmental Research Committee of the School of Optometry of The Hong Kong Polytechnic University and written consent was obtained from both subjects and their parents before study participation. Both studies were registered at ClinicalTrials.gov (ROMIO: NCT00962208; TO-SEE: NCT00978692). No significant adverse effect was reported in either study. 11, 17 TREATMENT OF DATA We used commercial software (SPSS 23.0; IBM Corp., Armonk, NY, USA) for statistical analysis. Parametric tests were used for the analysis of refractive sphere and axial length that followed Gaussian distributions, while nonparametric tests were used for the analysis of age and initial cylinder. A linear multiple regression model was utilized to study factors affecting axial elongation. Due to the differences in subject assignments (randomization) in the ROMIO and TO-SEE studies, and moderate to high astigmatism in TO-SEE subjects, one-way analysis of covariance (ANCOVAs) controlled for age, initial sphere, and astigmatism was used to investigate the axial elongation in children with and without ortho-k. Relative risk of rapid progression and NNT were determined for subjects treated with ortho-k and single-vision spectacles.
RESULTS
Data from 136 subjects were retrieved (72 ortho-k: 37 ROMIO, 35 TO-SEE; 64 control: 41 ROMIO, 23 TO-SEE). Table 2 shows the demographic data and axial elongation during the course of the 2-year studies. No significant differences in initial age (Kruskal-Wallis, P ¼ 0.81), initial refractive sphere (1-way ANOVA, F 3,132 ¼ 1.30, P ¼ 0.28), and initial axial length (1-way ANOVA, F 3,132 ¼ 1.30, P ¼ 0.59) were present between subjects from the ROMIO and TO-SEE studies, and between those wearing single-vision spectacles and ortho-k lenses in the two studies. The data from the two studies were pooled and further analyses performed.
Stepwise multiple regression analysis revealed that of the factors investigated, axial elongation was significantly associated with the use of ortho-k (standardized b ¼ À0.48, P < 0.001) and initial age (standardized b ¼À0.32, P < 0.001), but not with initial refractive sphere, initial refractive cylinder, or initial corneal toricity (part r: À0.04 to 0.09, P > 0.29). The regression model was fair in predicting axial elongation based on initial age and the use of ortho-k (adjusted R 2 ¼ 0.35) and statistically significant (F 2,133 ¼ 35.21, P < 0.001). Axial elongation was negatively associated with age in both groups (control: Pearson r ¼ 0.44, P < 0.001; ortho-k: Pearson r ¼ 0.30, P ¼ 0.01). Figure 1 shows the overall number and percentage of subjects with rapid progression. The percentage of subjects with rapid progression reduced from 67% at the age of 6 to 28% at the age of 8. The percentage of subjects with rapid progression was rather low (range, 0%-14%) for those aged 9 to 12 years. Therefore, to determine the myopia control effect on younger and older children, the subjects were divided into two age groups: 6 to 8 and 9 to 12 years. The average axial elongations over 2 years were 0.46 6 0.22 mm and 0.81 6 0.27 mm, respectively, in the ortho-k and control subjects aged 6 to 8 years and were 0.28 6 0.26 mm and 0.52 6 0.22 mm, respectively, in the ortho-k and control subjects aged 9 to 12 years. Figure 2 shows the cumulative percentage frequencies of subjects with specified axial elongation at the end of 24 months. The graph indicates that ortho-k lens wear led to reduced axial elongation over 2 years of lens wear (curves for ortho-k subjects shifted toward the left for both subgroups compared to curves for control subjects). Older subjects tended to have smaller axial elongation compared to younger subjects. This is true for both ortho-k and control subjects: 50% of subjects in the ortho-k and control groups had axial elongations ranging from 0.27 to 0.86 mm and 0.48 to 1.15 mm, respectively; and interestingly, 14% of older ortho-k subjects displayed a shortening of axial length after 2 years of lens wear. Myopia control effect was more pronounced in the younger ortho-k subjects, with 50% of subjects showing axial elongations of 0.40 to 0.88 mm, compared to 0.81 to 1.55 mm in the younger control subjects. Orthokeratology also increased the percentage of subjects with slow progression (annual axial elongation <0.18 mm (i.e., equivalent myopic progression <0.25 D per year) especially in the younger age group. The percentage of slow progressors was 46% in the older control subjects compared to 56% in the older ortho-k subjects, and 5% in the younger control subjects compared to 25% in the younger ortho-k subjects. The overall RR of rapid axial elongation was reduced by ortho-k treatment (RR: 0.17; 95% confidence interval [CI]: 0.06-0.47; P < 0.001). Considering all subjects, the 2-year NNT was 3.87 (95% CI: 2.5-6.7). In other words, ortho-k can prevent one out of four subjects (aged 6-12 years) from having rapid progression after 2 years of treatment. However, the effect reached statistical significance only for the younger subjects ( Table 3 ). Only 2 of 29 younger subjects in the ortho-k group displayed rapid progression, as compared with 16 of 26 subjects in the control group (RR: 0.11; 95% confidence interval: 0.03-0.44; P ¼ 0.0018). This suggested an 88.8% reduction in risk of rapid progression if younger subjects were treated with ortho-k for myopia control. For older subjects, although fewer subjects showed rapid progression compared to the control subgroup, the RR did not reach statistical significance (RR: 0.35; 95% CI: 0.07-1.72, P ¼ 0.1973). The 2year NNT for the younger ortho-k subgroup was 1.8 (95% CI: 1.3-2.9), implying that treating two younger subjects with ortho-k for myopia control would prevent one subject from having rapid progression over a 2-year period of treatment. Although the RR for the subgroup of older ortho-k subjects did not reach statistical significance, the direction of risk remains protective. For this sub-group, the NNT (11.8; 95% CI: 4.85-27.67) was considerably higher. This may be because older subjects tended to have smaller axial length changes compared to the younger subjects (rapid progressors: younger age group ¼ 18/55; older age group ¼ 7/81).
DISCUSSION
Our results confirmed that ortho-k slows axial elongation. It significantly decreased the number of subjects with rapid progression and increased the number of subjects with slow progression over the 2-year treatment period.
Younger subjects showed more rapid axial elongation than older subjects, hence use of ortho-k displayed a more pronounced myopia control effect even though the percentage control was similar in both subgroups. The finding that axial elongation in younger myopic children is more rapid is not new, having been previously reported by several studies. [22] [23] [24] [25] In their study, Hyman et al. 25 reported that the baseline age of the children was the ''strongest factor independently associated with faster myopic progression.'' Strong evidence of control of axial elongation, especially in younger children, can justify targeting this age group. Starting ortho-k or other myopia control treatment at age 6 coincides with commencement of primary education, when it is common to implement vision screening [26] [27] [28] [29] [30] to ensure that vision problems are addressed early to prevent adverse effects. Children at this age are usually able to accept the required testing procedures. Current knowledge of effectiveness and benefits of ortho-k and other myopia control treatments does question the use of conventional correction with single-vision spectacles or singlevision contact lenses alone for managing early childhood myopia. Practitioners may be prudent to reconsider the routine prescription of such optical aids and take myopia control into consideration, and fully inform parents of the options and the potential benefits and advantages of early implementation.
Most of the previous studies for myopia control, including our work, mainly presented the percentage reduction in axial elongation without actually determining the risk and benefits of the particular treatment. In the current study, although the percentage of reduction in axial elongation was similar in younger and older subjects (around 43%-46%), the RR and NNT of rapid axial elongation with ortho-k were different in the two subgroups. Hence, reporting the overall percentage reduction of myopia or axial elongation alone may not represent adequate information on the effectiveness of any myopia control intervention.
The current study has reported reduced risk and low NNT of rapid axial elongation with ortho-k treatment. The treatment was more effective in reducing rapid axial elongation in younger children; in this subgroup, the risk was reduced by 88.8% with ortho-k treatment. For the older age group, the NNT of rapid progression did not reach statistical significance, but a lower percentage of subjects had rapid axial elongation in the ortho-k group compared to the controls (see Fig. 2 ). The 2year NTT metric indicated a substantial benefit of ortho-k treatment for myopia control in younger children by reducing rapid progression in these subjects, as treating just two children for 2 years would prevent one subject from experiencing rapid axial elongation. It is of interest to note that about 14% of the older ortho-k subjects showed a reduction, instead of an increase in axial length at the end of 2 years of lens wear. None of the younger subjects exhibited this reduction. The cause of this apparent shortening of axial length remains unclear. No other studies have reported prolonged shortening of axial length over the course of treatment, although a shortening of axial length has commonly been observed at the initiation of ortho-k lens wear, attributed at least in part to central corneal thinning 9, 11, 12, 17, 18 and choroidal thickening. [31] [32] [33] Central corneal thinning reflects the redistribution of corneal tissue and this change usually stabilizes within a few weeks, once the optimal refractive correction has been achieved. [34] [35] Compared to reports on the effect of ortho-k on corneal thickness, few studies have investigated changes in choroidal thickness. However, choroidal thickening with ortho-k has been reported in two separate studies. 31, 33 One was a short-term study, 33 lasting no more than 4 weeks, and the other was a longer term study, 31 investigating changes 1 to 9 months after lens wear. If the choroid is responding to the change in retinal defocus experienced initially with ortho-k, this adaptation would be expected to end when refractive status correction stabilized (i.e., no uncorrected myopia remains). This explanation is consistent with findings of one of the two above studies that changes in choroidal thickness did not persist beyond the initial stabilization period. 31 However, controlled clinical trials with a larger sample size and of longer duration are warranted to investigate the association between choroidal thickness changes and axial elongation in ortho-k.
As explained above, ROMIO and TO-SEE used the same methodology, with the exception that ROMIO was a randomized control trial whereas TO-SEE allowed self-selection of treatments. Analyses showed that there were no significant differences in the baseline values of pertinent parameters between subjects except for astigmatism, which was shown to have no interaction with axial elongation. The pooled data analyses confirmed previous findings and provided further insight into benefits of ortho-k for myopia control in children. A high prevalence of myopia has until recently been assumed to be a predominantly East Asian problem. Countries, such as China, Singapore, and Japan have voiced concerns about myopia progression in children for many years. [36] [37] [38] [39] [40] [41] However, recent studies have revealed that myopia should be considered a worldwide problem. [42] [43] Parents who are concerned about myopia progression in their children tend to be more proactive in searching for a treatment for its control and ortho-k is a popular option. 44 A common question asked is the optimal timing for ortho-k treatment for their children. The results of this study suggest that ortho-k treatment should be started in younger myopic children (6-8 years) .
It is recognized that results from clinical research are performed under optimal conditions and care in the real-world community may not be as successful due to issues of compliance and practice. 45 Notably, our results are based on analysis of data from a cohort study (TO-SEE) and a randomized control trial (ROMIO) performed by the same group of researchers in Hong Kong, both reporting encouraging outcomes. However, further confirmation should be obtained from studies performed in other settings as cultural factors can affect success of interventions.
In conclusion, ortho-k treatment significantly reduces risk of rapid progression in younger (6-8 years) subjects and is predicted to protect one in two of these subjects from rapid axial elongation. Thus, its use should be seriously considered for young children exhibiting rapid myopia progression.
